Rotational components of aero engine turbine are the most important components. It operates at high temperature and under conditions of extreme environmental attack such as oxidation, corrosion and wear. These conditions can cause cracking of rotational components. The failure damage modes of turbine are classified in terms of main components as flow path parts, rotating such as rotor, groove, disk, and blade. Aero-engine turbine components such as discs and blades are susceptible to environmentally assisted cracking. Unlike fatigue crack growth, this involves crack growth under constant load. If the crack grows long enough, sudden failure can occur with catastrophic consequences. It is therefore desirable to identify the limiting crack size within fixings so that they can be inspected at regular intervals and removed from service before failure occurs. Three dimensional axis-symmetric finite element models were created to simulate a disc and the portion of a blade. The finite element method (FEM) allowed the prediction of the point of crack initiation and the crack propagation using the orientations of the maximum principal stresses. Stress intensity factor (SIF) is the base parameter in strength analysis regarding fracture mechanics. For a correct determination of SIF in this paper, combining J-integral approach and FEM is used. J-integral is a path independent integral around the crack tip.
Introduction
URING the past four decades an extensive research of fracture mechanics has greatly enhanced the understanding of structural failure. Today, fracture mechanics is not only of academic interest, but plays an increasingly important role in structural design. New specifications have been established to meet the requirements of fracture mechanics, of airframes and power plant generation systems. Recently, a more stringent safety criterion, assuming a pre-existing flow in critical component, has been adopted to asses service life of aircraft. This emphasizes the significance of fracture mechanics as a tool for analysis.
The concept of linear elastic fracture mechanics which leads to the plane strain fracture toughness property, K IC , has already been used in engineering applications [1, 2] . The use of the J-integral and its critical value J C as a fracture criterion has also been developed into elasticplastic and fully plastic regimes [3, 4] . Various other approaches, such as resistance curve (R-curve) [5] , crack tip displacement (CTOD) [5] , and equivalent energy method [6] have been proposed but lack the flexible analytical basis of the J-integral procedure. Mechanical loading is not the only factor considered in design of the structure or structural components. Other possible situations may be caused by operational environments such as temperature, chemical reaction and irradiation have to be considered. In the operation of gas turbine engines, for example, thermal stresses can be as high as, or higher than, the centrifugal stresses. The worst condition of the combinations of thermal, centrifugal and gas bending stresses at elevated temperatures result in high local stresses which can lead to cracking of the turbine blades and rotor discs. Thus, thermal effects should not be ignored.
The effect of thermal gradients across a crack has also been the subject of analytical studies. Using the finite element method, Ayres [7, 15] illustrated the analytic procedure of evaluating surface cracks subjected to thermal shock. Emery, at al. [8, 16] demonstrated their singularity programming technique to consider the singular temperature field in calculation of the stress field. More recently, Ainsworth at al. [9, 17] and Wilson and Yu [10, 18] investigated the use of modified J-integral to determine the crack tip stress intensity factors (SIF). For the fairly complicated geometry and loading conditions in the specimens of this study, the finite element technique is used to calculate both the temperature distribution and the stress intensity factor. A number of works have dealt with the crack problems.
The objective of the analytical work is to provide the relationship between the stress intensity factor and various mechanical and thermal load conditions. For a fairly complicated geometry and loading conditions in structural D elements of this investigation, the finite element technique is used to calculate the temperature distribution and stress intensity factor.
Fracture mechanical analysis of damaged structural components
To analyze damaged turbine structural components it is necessary to determine stress intensity factors (SIFs) under thermo-mechanical loads. SIFs can be obtained using various analytical, numerical, and experimental methods.
The SIF is the only parameter used to determine the intensity of the stress field near the crack tip. There is a critical value for SIF called the (plane strain) fracture toughness, denoted as K IC . When K I is smaller than K IC , the crack does not grow. But, if K I is equal to K IC , the crack starts to grow. The fracture criterion in linear elastic fracture mechanics is thus given by
K IC indicates the maximum value of stress intensity factor at the crack tip that the material can bear, beyond that the crack will start to grow. Fracture toughness is a material property; it does not vary with a specimen's geometry or load applied.
Generally, the stress intensity factors are additive, provided that different loading conditions induce the same mode of crack extension. Hence, the fracture condition of the interaction of mechanical and thermal loads can be:
where (K I ) mech. is the stress intensity factor due to mechanical load and (K I ) thermal is the stress intensity factor due to temperature effect. In this study, a numerical investigation of temperature effect for different geometric aspects was considered. To analyze cracked structural components here ANSYS finite element software code [11] is used.
For the fairly complicated geometry and loading conditions the finite element technique is used to calculate the temperature distribution and the stress intensity factor. A number of works have dealt with crack problems [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] 30] .
Once a finite element solution has been obtained, the values of the stress intensity factor can be extracted from it. Three approaches to the calculation of the stress intensity factors are currently used; 1. direct method, 2. indirect method and 3. J-integral method.
The direct method is based on the use of specialized crack-tip finite elements that contain K I and K II directly as additional unknowns. This has been discussed by Benzley [10] . Benzley employed linear rectangular finite elements with supplementary singularity functions in the vicinity of crack tip. Barsoum [12] introduced a quarter/point isoparametric element to produce displacement proportional to the crack tip singularity function.
In the indirect method, the values of stress intensity factor are calculated using the nodal displacements in the element around the crack tip that is considered by Barsoum [12] , Fig.1 . Barsoum [12] also showed that a triangular quarter-point element, which is shown in Fig. 1 , exhibits the r 1/2 singularity both on the boundary of the element and in the interior. 
The third alternative is the so-called "J-integral" approach. The path-independent J-line integral, which has been proposed by Rice [14] , is defined as 2 1
where W is the elastic strain energy density, Г is any contour about the crack tip shown in Fig.1a , T i and u i are the traction and displacement components along the contour and s is arch-length along the contour, x 1 and x 2 are the local coordinates such that x 1 is along the crack. The J-integral is path dependent for cases which iclude thermal stress terms. To include thermal stress terms in this work the modified integral J * [13] is used in the next form:
where µ and λ Lame`s constants, θ is the temperature and α is the coefficient of thermal expansion. If only the mode I loading is considered, then equation (2.3) for the plane stress condition reduces to:
The values of K I for various thermo-mechanical problems were calculated, according to equations (2.1) and (2.7), and are presented in numerical validation. In this work the J-integral approach has been selected for determination stress intensity factors of plates with surface crack under thermo-mechanical loads. The finite element method offers two advantages in the numerical evaluation of the J-integral: (1) No specialized idealization is required near the crack tip, (2) A coarse mesh can be used to achieve an accurate solution. The J-integral is path dependent for cases which include residual, inertial or thermal stress terms or loading along the crack face.
Numerical validation
The subject of this analysis is the impact of changes in thermal load to the value of the stress intensity factors. In Fig.1 , the plate with surface semi-elliptical crack subjected to thermal load is shown. Ratio of length plate, h, and plate width, b, remains constant with respect to the depth of the crack, a, and crack length, c, so that we can consider that the obtained values of the stress intensity factor, K I , are closed to those in infinite plate. In the analysis of plates with semi-elliptical surface crack subjected to thermal load, crack geometry will be used as follows: a/c= 1/3, a/c = 1 and a/c=2 and the crack depth a/t = 0.2. In Fig.2 , the geometry of the crack load to change the temperature field under the influence of thermal load is shown. The material we used in the analysis is Rene -41 (DIN 2.4973) which is commonly used for manufacturing casing of jet engine. The thermo-mechanical properties are given in Table 1 . In the analysis it was assumed that the characteristics of the material are constant and independent of temperature. The thermal analysis of the plate was observed following the thermal load on the surface of the plate: T 1 = 5T 2 , T 1 = 10T 2 and 20T 2 , where T 1 = T (x = 0) and T 2 = T (x = t) = T 0 . The geometry of surface cracks was observed for three cases: a / c = 1/3, a/c = 1 and a/c = 2 with the same crack depth a/t = 0.2.
The general equation for calculating the stress intensity factor, mode I, for surface semi-elliptical crack is given by the following expression [27]:
where for the case of thermal loading and plane strain 
The function F in equation (3.1) includes the effect of plate dimensions, geometry and position cracks along the crack front. In the further analysis we introduce a normalized stress intensity factor, which is represented by the following expression:
The introduction of normalized stress intensity factor, "Shape factor" allows us to include in the analysis: the geometry, material properties and loads.
To determine the stress intensity factor, mesh with finite elements is used which is shown in Fig.3 . In this analysis ANSYS finite element software code [11] is used. For the finite element mesh elements with twenty nodes were used. As the field of stresses and displacements around the crack tip singular, to carry out a correct analysis made use of singular finite elements. In the radial direction around the crack tip was modeled as three rings of finite elements, while along the crack front used sixteen finite elements, φ = 
The stress intensity factors under thermal loads
This paper analyzes the plate with surface crack under the influence of different thermal load. Plate geometry and boundary conditions are shown in Fig.2 . The material properties of the thermo-mechanical analysis are given in Table 1 , with the constant material properties in relation to temperature. In the analysis, the thermal load acting on the side panel of a surface crack. Distribution of temperature field along the crack tip is shown in Fig.4 . Figures 5-7 show the normalized stress intensity factor under the influence of different thermal load for the following geometry of the crack a/c= 1/3, a/c = 1 and a/c= 2 and a constant ratio of crack depth and plate thickness a/t = 0.2. In Fig.1 the temperature gradient plate is shown, where the temperature T 1 at the surface with crack 5, 10 and 20 times higher compared to the surface without cracks T 2 . Following the thermal analysis of the normalized stress intensity factors for different crack geometries are given in Table 2 . Normalized K IN were calculated based on the thermal load by using the Equation 3.4:
As the ratio a/c increases from 1/3 to 1, the values of normalized stress intensity factor at the surface of the plate with crack, ф=0, decreases and with the further increasing of a/c from 1 to 2, increases the value of K IN . Also the value of K IN in the deepest point of crack, 2 ф /π=1, monotonically decreases with increasing of a/c, and T 1 /T 2 . 
Conclusions
In this work, the computation procedure is performed to determine the stress intensity factors for structures with surface crack under the influence of thermal loads. Detailed analysis was carried out at plate with different surface crack geometries length (a/c) and constant ratio of plate (a/t=0.2) and different thermal loads. In the analysis it was assumed that the material is isotropic and that the material properties are independent of temperature. Based on the given loads, boundary conditions and plate geometry, the calculated values of the stress intensity factors just described the mode I. The obtained values of the stress intensity factors are presented in a standard normalized form, tabular and graphical form. The conducted analysis shows the complexity of the behavior of surface cracks and its influence on the resistance of the structure during the process of exploitation.
A description of a model which is developed to examine the thermal effect on fracture was presented. Interaction of mechanical and thermal effects was correlated in terms of K IC . The values of the stress intensity factors were calculated by use the J-integral and displacement method.
The stress intensity factor (SIF) for an embedded elliptical crack in a turbine rotor under thermal and centrifugal loading, for a semi-elliptical surface crack in a finite plate are determined by means of finite elements and J-integral method.
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